A wedge cutting method with a center-beveled blade is widely used for cutting various laminated sheets such as printed labels, optical adhesive sheets, and multi-functional adhesive films for electronic equipment. In general, the laminated sheet has a pressure-sensitive adhesive (PSA) in the intermediate layer. When a wedge blade indents to a laminated sheet, trouble occasionally occurs because of the blade getting with PSA and PSA flowing out from the cut surfaces. This problem has not been sufficiently clarified. Several reports exist about the cutting behavior of a laminated structure composed of paperboard and monolayer viscoelastic material; however, almost no reports exist on the cutting behavior of laminated sheets with PSA. Therefore, this paper aims to elucidate the effect of a wedge shape on the cutting behavior of a laminated sheet with PSA and polyethylene terephthalate (PET). The cutting characteristics of a 0.1 mm PSA layer sandwiched by upper and lower PET films of 0.1 mm were experimentally and numerically investigated. The cutting load response was measured using indentation depth when the apex angle of the wedge blade was changed. A CCD camera was also installed for investigating the side-view deformation of the laminated sheet. When an apex angle from 16° to 60° was chosen, the cutting force and the bent-up angle of the laminated sheet linearly increased with respect to the apex angle for certain shallow indentation depths. The experimental results showed that the cutting load response and deformed state of the laminated sheet were similar to those of the visco-elastic model based on finite element method (FEM) simulation. In addition, the peak force and the bent-up angle considerably increased with the apex angle, especially when a large apex angle was chosen The fact that the apex angle influenced the cutting characteristics of the laminated sheet during wedge indentation was clarified.
Introduction
A wedge cutting method utilizing a center-beveled blade is widely used for cutting various laminated sheets on counter plates. Examples include printed labels, optical-transparent clear adhesive films, and multi-functional adhesive films for electronic equipment (Kirwan, 2013) . The wedge cutting method has many merits, such as moderate accuracy, half-cut control, and high productivity, for constructing various complicated patterns and this method is also easily maintained.
Generally, laminated sheets have a pressure-sensitive adhesive (PSA) in the intermediate layer such that the PSA layer is sandwiched between a substrate film and release film. The substrate film is used for printing or coating, while the release film is used for protecting the PSA layer. The PSAs are used for making tapes, labels, and many other products, including a laminated product made from flexible webs and various assemblages of laminated sheets. The PSA provides a convenient and easy means to bond the surface of a flexible material to another surface. It is a substance that adheres to an adherend by applying only light pressure at room temperature. The PSA is a kind of polymeric material which has viscoelastic properties (Istvan, 2004) . Due to these viscoelastic properties, the deformation behavior of the PSA is Wedge indentation characteristics of pressure-sensitive adhesives sandwiched by polyethylene terephthalate films strongly affected by the strain rate and the temperature of the substrate. The PSA can be classified from its aspects of physical and chemical composition, i.e. the main elastomer used in the adhesive formulation could be acrylic, styrenic block copolymers, natural rubber, and/or silicone. The acrylic-based PSA is made up of acrylic esters that yield soft and tacky polymers with low glass transition temperatures (Satas, 1999) .
Occasionally, it has been noted that when the wedge blade indents laminated sheets, trouble can occur due to wet PSA getting on the blade and PSA flowing out from the cut surfaces. These issues have not been sufficiently addressed or mitigated to date, with even experts reduced to manually fixing such issues as they arise. As a counter measure, the apex angle of wedge blade is often changed through trial and error in order to achieve better optimization. The laminated sheets discussed herein are composed of a PSA intermediate layer sandwiched between an upper and a lower liner made from polyethylene terephthalate (PET) film. In order to predict a cutting deformation on the laminated sheet, the apex angle of the wedge blade can be changed, and this will elucidate the effect of a certain apex angle on the cutting deformation of the laminated sheet to clarify why and where the deformation is occurring.
As for solid sheet materials, there are several research papers on the cutting behavior of paperboard (Nagasawa et al., 2006; Chaijit et al., 2008) , resin materials (Nagasawa et al., 2010a; Nagasawa et al., 2010b; Mitsomwang et al., 2012; Mitsomwang et al., 2014) , and viscoelastic materials (McCarthy et al., 2007; McCarthy et al., 2010; Schuldt et al., 2016; Boisly et al., 2016) . In addition, a few of experimental and numerical studies had have predicted the time-dependent deformation of viscoelastic materials (Theocaris, 1962; Emiri and Tschoegl, 1993; Kucuk et al., 2013; Okazawa et al., 2007) . Except for a report regarding the sandwiched structure of a 50 μm PSA and a 0.5 mm polycarbonate (Nagasawa et al., 2010b) , there are few research papers detailing the cutting behavior of laminated sheets with a PSA layer.
This work aims to reveal the effects of cutting wedge shape on the cutting deformation of a laminated sheet composed of a PSA intermediate layer with an upper and a lower layer of PET film. The cutting force was experimentally measured with respect to the indentation depth by choosing the apex angle of the wedge blade from 16° to 60° while keeping the indentation velocity of blade constant. A CCD camera was also installed for investigating the side-view deformation of the laminated sheet. Furthermore, the wedge cutting load and the warpage deformation of the laminated sheet were numerically simulated with respect to the apex angle and the indentation velocity of the wedge blade to investigate the deformation behavior of the PSA intermediate layer during the cutting process. Figure 1 shows a schematic diagram of the wedge indentation testing apparatus. For these experiments, any blank holder against the worksheet was not considered. As shown in Fig. 2 Wb =30 mm tb= 0.9 mm specimen was rectangular in shape, with had a total thickness of tW=0.3 mm. The thickness of each layer of the laminated sheet was 0.1 mm. The rectangular specimen had a length of L=40 mm in the machine direction (MD) and a width of W=20 mm in the cross machine direction (CD). For comparison with this laminated sheet, a raw PET film stacked on another PET film without any PSA layer was prepared, although the cutting response of the comparison specimen was partially reported by previous authors (Kaneko and Nagasawa, 2018) . The mechanical properties of the PET film in the MD according to the tensile tests are shown in Table 1 .
Experimental and analysis condition 2.1 Experimental apparatus and method of wedge indentation
From the out-of-plane compressive tests, the elastic modulus of the PSA film was estimated at 0.7 MPa (Kaneko and Nagasawa, 2019) . The PSA exhibited extremely low stiffness, especially when compared with that of the PET film. All of the specimens were kept in a room with a temperature of 296 K ± 1 K with a humidity of 50% ± 1% RH for over 24 h before testing. Measurements were carried out ten times for each case. For the wedge indentation apparatus, the wedge blade was mounted on the upper crosshead which had a load cell with a maximum load of 10 kN. The attitude of the wedge blade was vertical to the laminated sheet specimen. As shown in Fig. 2 , the cutting line direction was across the MD. The specimen was stacked on the underlay of a 0.5 mm (= tU) thick polycarbonate (PC) sheet, and then it was placed onto a steel counter plate fixed to the lower crosshead. The mechanical properties of the PC underlay with the in-plane longitudinal direction are shown in Table 2 .
The wedge blade was made with cemented carbide (WC-Co, A.L.M.T. Corp. hyper material: FM10K) and had a width of Wb=30 mm, a thickness of tb=0.9 mm, and a tip thickness of w=2 μm. Five types of blades, which had apex angles of α=16, 30, 42, 53, and 60°, respectively, were prepared for the experiments. The height of the wedge blade was estimated as h=tb/(2×tan(α/2))= 0.9/(2×tan(30°))=0.78 mm in the case of α=60°. The blade indented the laminated sheet until the lower PET film was cut off. When choosing the five kinds of apex angles, the upper crosshead moved downward with a constant indentation velocity of V=0.17 mm•s -1 . This value of V=0.17 mm•s -1 was empirically chosen for observing stable video camera data. The cutting force, F, was measured using the load cell during the wedge indentation, and the cutting line force f(=F/W) N•mm -1 was also recorded. The indentation depth, d in mm, of the blade into the specimen was measured using the displacement meter of the upper crosshead. In addition, a CCD camera was also installed for investigating the side-view deformation of the warpage of the laminated sheet. Furthermore, to discuss the velocity effects of blade indentation on the cutting force and the warpage of the specimen, additional experiments were carried out for d/tW<0.4 using α=42° at V=0.05, 0.42 mm•s -1 .
FEM modeling conditions
To simulate the effects of the apex angle on the wedge indentation deformation of the laminated sheet, a general purpose FEM code, Abaqus, was utilized. The 2-dimensional plane strain element type model was considered as shown in Fig. 3 . The x-axis and y-axis were chosen as the horizontal direction and the thickness direction, respectively. The laminated sheet had a total thickness of tW=0.3 mm, where each of the three layers was 0.1 mm thick. The length of LA=8 mm was not empirically affected by the cutting deformation of the laminated sheet. The four-node quadrilateral plane strain element type was used for modeling the laminated sheet. The upper and the lower PET films consisted of 14858 elements and 15494 nodes, respectively, and the PSA layer had 15782 elements and 16529 nodes. The wedged zone in the range of length LF=1.0 mm was modeled using fine-divided elements. The lateral-side length of the fine-divided minimum elements was chosen as 0.5 μm, and the height-side length was taken as 10 μm. The PC underlay was considered a deformable body, and the wedge blade was considered a rigid body. The element generation rule of the laminated sheet (deformable body) was controlled by using the Arbitrary Lagrangian-Eulerian (ALE) adaptive meshing method to successfully perform a local large deformation. All of the elements were assumed to have no crack and no fracture during the wedge indentation process. The PSA layer substance and the PET films were connected with each other, using the rough friction model of Abaqus in which any slippage was not taken into account. The interfaces of three layers were not detached and did not slide. The contact interface between the wedge blade and the upper and lower PET films, along with the underlay, were assumed to be controlled by the coulomb friction model. Their friction coefficients were set to μbl = 0.1 (for blade and PET) and μul=0.3 (for PET and underlay).
The wedge blade was basically moved downward with an indentation velocity of V=0.17 mm•s -1 . The displacement of the bottom of the underlay was fixed for the five kinds of wedge blades chosen based on the desired apex angles of α=16, 30, 42, 53, and 60°. The blade had an assumed tip thickness of w=2.0 μm, and a tip radius of r=0.25 μm. The PET film and the PC underlay were assumed to be isotropic elastic-plastic materials. The mechanical properties of the PET film and PC underlay were considered as shown in Table 1 and Table 2 .
The PSA layer was assumed to be an isotropic linear viscoelastic material. Regarding the time-dependent behavior of the PSA layer, the Abaqus code applies shear stress relaxation behavior for modeling the material properties. The normalized shear relaxation modulus gR(t) was expressed as Eq. (1), which was a Prony series expansion of the generalized Maxwell model (Abaqus Analysis User's Manual, 6.14). Here, τ(t) is the shear stress at the time t, and G0 is the instantaneous shear modulus. The γ0 term is the specified constant shear strain, and Τi is a constant, as the relaxation time with the i-th term of the exponent expansion.
(1) The shear relaxation modulus, GR(t), was obtained by multiplying the instantaneous shear modulus, G0, to gR(t) when assuming an isotropic linear viscoelastic material and the 3rd order of exponent terms. It is expressed as Eq. (2).
The normalized amplitude of the relaxation modulus, gi, and the relaxation time, Τi, of the viscoelastic model were approximately obtained from the measurement results of the shear relaxation test, using the least square method. As for the 0-th order term, G0 is determined using Eq. (3). Namely, it is estimated from the instantaneous elastic modulus, E0, and the Poisson's ratio, ν. Table 3 shows the relaxation properties obtained from a shear stress relaxation test when the shear strain was γ0= 40% (Kaneko and Nagasawa, 2019) . The static-elastic modulus assumed that the instantaneous elastic modulus was E0=0.7 MPa and the Poisson's ratio was ν=0.49. These were estimated from the out-of-plane compressive tests previously published by other authors (Kaneko and Nagasawa, 2019) . experienced warpage during the cutting process. The warpage increased when the blade indentation was varied at d/tW=0.17 to d/tW=0.5, whereas it was decreased when d/tW=0.83 because of the release behavior of deep cutting. Considering the indented depths d/tW=0.17 and 0.5, the increment of warpage appears to be independent of the apex angle, α. Figure 5 shows the relationship between the cutting line force, f, and the indentation depth, d/tW, when choosing an angle, α=16, 30, 42, 53 and 60°, and considering an indentation velocity of V=0.17 mm•s −1 . Here, representative results for each apex angle were plotted. The depth, d/tW, was defined to be zero when the tip of the blade came the surface of the upper PET film. Figure 5 shows that the primary feature of the wedge indentation into the laminated sheet was that there were two peak line forces: fC1 and fC2. The response of cutting line force, f, was classified into three stages, with respect to the indentation depth, d/tW : (I) 0<d/tW<0.4. The line force, f, increased monotonically due to the compressive state of the upper PET film, without any large wedging on the upper PET film. There were also two stepped force gradients: C1 and C2. The former was observed when d /tW<0.2, and the latter was observed when 0.2<d/tW<0.4. There was slight warpage of the laminated sheet in the latter stage, (II) 0.4<d/tW<0.7. The first peak point PC1 (fC1, dC1/tW) was detected, and fC1 was the first peak maximum line force, with dC1/tW=0.5~0.6 as the corresponding indentation depth. Seeing the side view of cutting state, it was observed that the overshoot of load response was related to the cutting behavior of the upper PET 
Results and discussion 3.1 Experimental results

Relationship between load response and wedged deformation
film. The line force, f, increased in this stage when using a larger apex angle, (III) 0.7<d/tW<1.03. The second peak point PC2(fC2, dC2/tW) was detected.
Here, fC2 was the second peak maximum line force, and dC2/tW=0.85~0.95 was the corresponding indentation depth. In this duration of (III), the lower PET film was simply cut off without the sinking effect of a PSA layer.
As for stage (II) where 0.4<d/tW<0.7, the PSA layer was sufficiently flown out from the blade pressured zone and the upper PET film was gradually wedged. In the latter half, where 0.7<d/tW<1.03 as in stage (III), the cutting load response simply increased and showed the second overshoot. The overshoot of (III) due to basically the same mechanism as that of (II). The load response was principally similar to a wedge cutting of a monolayer of PET film stacked on a PC underlay (Kaneko and Nagasawa, 2018) . Here, the complete separation of the lower PET film by the wedge blade appeared to be performed when d/tW≈1.03. This was caused by the sinking of the PC underlay against the cutting load. Figure 6 shows the representative results of the cutting line force on the 0.3mm laminated sheet (the same as the case of 42° in Fig. 5 ) and a 0.2mm stacked sheet, which consisted of two pieces of PET film without any PSA layer. The apex angel used was α=42° at V=0.17 mm•s -1 . Since the total thickness of sheet was different for the two cases, the indentation depth, d, was defined with reference to the upper PET film, which had a thickness of t=0.1 mm. As shown in Fig. 6 , the effect of the PSA layer disappeared when the cutting line force reached f=6 N•mm -1 . Since the estimated blade indentation was about 0.1 mm at f=6 N•mm -1 , it was found that the thickness of the PSA layer at 0.1mm was completely crushed, allowing the flow PSA out and beneath the blade edge zone. The upper PET layer of the laminated sheet almost contacted the lower PET layer beneath the blade edge zone at the beginning of the stage (II). Figure 7 shows the peak line forces fC1 and fC2 of the laminated sheet, with respect to the apex angle, α, when V=0.17 mm•s -1 . It was found that fC1 was larger than fC2, and the gradients ∂fC1/∂α, ∂fC2/∂α were remarkably changed at α≈42°. The linear approximations Eq. (4), (5), (6) and Eq. (7) were derived from the least squares method with the peak line forces fC1 and fC2 for the divided ranges of 16°<α<42° and 42°<α<60°.
Cutting load characteristics
The positive gradients of ∂fC1/∂α, ∂fC2/∂α of the laminated sheet were similar to that of a 0.5mm PC sheet cutting when choosing α=16, 30, 42 and 60° (Nagasawa et al., 2010a) . Figures 5 and 7 show the difference of fC2 and fC1, and ΔfC=fC2-fC1 appeared to be independent from the apex angle α in the divided ranges of 16°<α<42° and 42°<α< 60°. Additonally, the force was negative, about -1.27 N•mm -1 for α<42° and -0.38 N•mm -1 for 42°<α<60°. The second peak, fC2, was 6-16 % less than the first peak, fC1, in the case of the laminated sheet. Fig. 7 Relationship between the apex angle of the wedge blade α and the peak line force of fC1, fC2 at V=0.17 mm•s -1 . The fC1 was the larger than the fC2, and the gradients ∂fC1/∂α, ∂fC2/∂α were remarkably changed at α≈42°. Eq. (4) Eq. (5) Eq. (6) Eq. (7) As discussed previously, the cutting response of the 0.5mm PC sheet exchanges the mechanical stiffness of the underlay (Mitsomwang et al., 2012) . The PC sheet subjected to wedge indentation was bent-up due to the sinking of the counter underlay. When the worksheet had a bent-up angle θ, the removed volume was estimated from the apparent wedge angle (α+2θ) against the specified indentation depth of the wedge.
Since the upper PET film layer of the laminated sheet was locally bent-up as θU by the low stiffness of the PSA layer, the apparent wedge angle αU=α+2θU was larger than the apex angle, α, of wedge at the first peak, whereas θU and αU become relatively smaller at the second peak due to the release of bent-up deformation and the high stiffness of the PC underlay. This seemed to be caused by the sinking effect of the PSA layer as shown in Fig. 8. In Fig. 8 , the upper bentup angle, θU, at the first peak was much larger than the lower bent-up angle, θL, at the first peak because the deformation of the PSA layer was larger than that of the PC underlay. The difference of θ at the first peak and the second peak appeared to cause the negative difference of ΔfC.  Figure 9 shows the relationship between the depth of the peak force points, dC1/tW, dC2/tW, and the apex angle, α, at V=0.17 mm•s −1 . It was found that the depths, dC1/tW, dC2/tW, increased when α>30°. However, in the case of α=16°, different behavior was shown. The peak line forces, fC1 and fC2, were decreased, but the indentation depths, dC1/tW, dC2/tW, did not decrease when α<30°. This behavior, essentially the existence of a minimum point of dC2/tW, was similar to the cutting response of a 0.43-0.49 mm paperboard when α=16, 30, 42 and 60° (Murayama et al., 2004) . The beginning position of necking is theoretically decreased with the apex angle from Hill's model (Hill, 1953 ) and Nagasawa's discussion (Nagasawa et al., 2016) . Regarding the increasing of dC1/tW, dC2/tW for when α>30°, the increasing pressure of the wedge surface seems to contribute to the increase in frictional force for fastening the PET sheets, and then the occurrence of necking also appears to be changed with the peak positions.
In the previous report regarding the cutting characteristics of monolayer PET film stacked on a PC underlay using an apex angle of 42° ( Fig. 6(a) , Fig. 7 and Fig. 10 ; Kaneko and Nagasawa, 2018) , the occurrence of necking was confirmed near the peak force point along with the non-contact area of the wedge blade and the PET film. The 
Eq. (9) occurrence of peak line force and the corresponding necking appeared to be characterized by the tensile deformation of the PET film in the horizontal (in-plane) direction during wedge indentation.
When the apex angle decreased, the peak line force decreased, and the breaking depth position of the necking appeared to increase because the horizontal elongation of the necked zone decreased from the small wedge angle.
When α>30°, since the peak line forces (fC1 and fC2) increased with α, the sinking of the PSA layer and the PC underlay increased due to the larger line forces. Therefore, the depths (dC1/tW, dC2/tW) seemed to increase due to the frictional restrictions of pushing force when α>30°. The approximations in Eq. (8) and (9) were derived from the least squares method with dC1/tW and dC2/tW for the range of 16°<α<60°.
In order to discuss the effects of α on the cutting line force, f, the gradients of the cutting line force C i =∂f/∂(d/t W ) (i=1,2,3 and 4) were defined, and the values of C1 (0.03<d/tW<0.13), C2 (0.2<d/tW<0.3), C3 (0.4<d/tW<0.47), and C4 (0.8<d/tW<0.86) were calculated as the average gradients ( Fig. 5) with the apex angle α. Here, C i (i=1,2,3 and 4) were calculated with constant intervals, Δ(d/tW)=0.013, for each stage (I), (II), and (III) in the experimental results. Figure 11 shows the gradients C1 and C2, and Figure 12 shows the gradients C3 and C4 with respect to the apex angle α at V=0.17 mm•s -1 . The gradient C1 indicates an almost constant value of C1=19.7 N•mm -1 . The gradients C2, C3, and C4 formed a positive linear relationship with the apex angle α. The relationships between C1, C2, C3, and C4 with α were approximated by Eq. (10) to (13).
C 1 =-0.006α+19.66 (a) Non-contact area, Ref. (Kaneko and Nagasawa, 2018, Fig. 6(a) ) (b) Necking, Ref. (Kaneko and Nagasawa, 2018, Fig. 7) (c) Tensile deformation in the horizontal direction. Fig. 11 Relationship between the apex angle of the wedge blade α and the force gradients C1 and C2. The C1 was not affected by α. The C2 was affected by α. Fig. 12 Relationship between the apex angle of the wedge blade α and the force gradients C3 and C4. The C3 and C4 were affected by α. Eq. (13) Eq. (12)
It was found that gradient C1 in stage (I) was not affected by the apex angle, α. This seemed to be caused by the simple elastic compression of the blade against the upper PET film without any wedge indentation. When the blade was deeply indented into the laminated sheet, it was found that the gradients C2, C3, and C4 and the peak line forces (fC1 and fC2) were affected by the apex angle, α.
Regarding the C3 in stage (II), it appears that the cutting line force of the upper PET film increased with α. This relationship with C3 was theoretically explained and confirmed previously by other authors (Grunzweig et al., 1954) . Namely, it was found that the apex angle, α, strongly affected the cutting line force, f, in stage (II).
As for the C4 in stage (III), the cutting characteristics of the lower PET film were quite similar to the tendency of the C3 in stage (II). This was also confirmed from the similarity between Eq. (12) and (13), which appears to be caused by the deformed state of lower layer of PET film against the wedge blade indentation. It appears that the crushed PSA layer sufficiently bled out during indentation such that the bent-up bottom part of the upper PET film layer came into direct contact with the lower PET layer at or near the PC1. Since the lower PET film layer became dominant over the PSA layer, the stiffness of the underlay was similar to that of lower layer in the stage (II).
As for when d/tW>0.7 in stage (III), the cutting condition was nearly the same as that which was seen in the monolayer PET film. Whenα=42°, the values of fC2 and C4 were 9 N•mm -1 and 45.3 N•mm -1 , respectively, which is almost equal to or slightly lower than the cutting response of the monolayer PET film stacked on a PC underlay. For the aforementioned monolayer PET film trial, the peak maximum line force was 10.1 N•mm -1 , and the gradient of the cutting line force was 45 N•mm -1 (Kaneko and Nagasawa, 2018) .
In stage (I), the gradient C2 was smaller than the gradient C1, a relationship which appears to be caused by the wedge indentation against the upper PET film. This transition seems to be caused by the slight warpage of the laminated sheet and also by the local flow deformation of the PSA layer.
In stage (III), since the C3 was larger than the C2, and the C3 was almost the same as the C4, the influence of the crushed PSA layer was quite small. Stage (III) results resembled the cutting behavior of the monolayer PET film. Figure 13 shows the side-view photographs of the stacked two pieces of PET films without any PSA layer. Here, the apex angle of wedge blade was chosen as 42° under an indentation velocity of V=0.17mm•s -1 .
Warpage deformation
It was confirmed in Fig. 13 that the upper and lower PET film layers did not have any definite warpage during the cutting process. In the case of the laminated sheet, since the presence of the PSA layer causes warpage due to sinking and flowing, and that warpage seemed to increase the first peak force fC1, as shown in Fig. 4 (α=42°) .
As mentioned in 3.1.2, the warpage of the specimen contributes to the increase in the apparent apex angle of the wedge blade, possibly contributing to the increase in the cutting line force on the upper/lower PET films. Conversely, the warpage of a sheet appeared to contribute toward reducing the cutting line force on the sheet. The warpage makes the surface of the lower PET film detach from the PC underlay, and then the lateral spreading of the wedge blade is easily completed because of the decreasing frictional restrictions on the lower PET film.
Stage (III) is shown in Fig. 6 , and the relationship where fC1<fC2, in the case of the stacked sheets, appears to be caused by the detachment of the upper PET film from the lower PET film, as shown in Fig. 13(a) and (b). The second peak force, fC2, was similar in the two cases of the laminated sheet and the stacked sheet.
Lower PET film
Wedge blade 0.1mm
Upper PET film Fig. 13 A side view of the cutting process of two layer of PET films subjected to an indentation of a 42° wedge blade at the indentation depth d/t=0, 0.7, 1.7. The upper and lower PET films were not remarkably bent up during cutting process, but they are detached a little with each other. Figure 14 shows a side-view photograph of the warpage of the laminated sheet when d/tW=0.5 and α=42° at V=0.17 mm•s -1 . In order to investigate the warpage behavior of the laminated sheet, a lower bent-up angle, θL, was measured for 0.03<d/tW<1.1. Since it was difficult to acquire a stable measurement of the bent-up angle of upper PET film, θU, from the video, the bent-up angle of lower PET film, θL, was measured and evaluated. Similarly, other cases where α=16 to 60° were investigated with the lower bent-up angle, θL. Figure 15 shows the relationship between the lower bent-up angle, θL, and the indentation depth, d/tW, whenα=16, 30, 42, 53 and 60° at V=0.17 mm•s -1 . It was found that the bent-up angle, θL, was indicative of a linear increase when 0.03<d/tW<0.4 and had a peak maximum, θW (=θL,max), at d/tW=0.5, whereas the bent-up angle, θL, behaved with gradual damping or had a saturated angle, θC, at d/tW>0.7. Since the warpage appeared to settle down at d/tW=0.83, the saturated angle, θC, was defined/measured here when d/tW=0.83. The θC increased with the apex angle α, and it was also found that the bent-up angle, θL, was not affected by α when 0<d/tW<0.23, and the θL slightly increased with α when 0.23<d/tW<0.4. These tendencies seem to be synchronized with the variation tendencies of the cutting line force. The ranges of the force gradients C1 and C2 were almost same as the gradient of the lower bent-up angle, ∂θL/∂(d/t W ), at shallow indentation depth. Figures 5 and 15 show that the peak maximum bent-up angle, θW, and the peak maximum line force, fC1, occur when d/tW=0.5. The gradient of lower bent-up angle, ∂θL/∂(d/t W ), monotonically decreased or remained constant in stage (III) when 0.7<d/tW<1.03. In stage (III), the reason why the lower bent-up angle, θL, did not have any peak maximum but increased with α, appears to be because of the fastening of the upper PET film to the PSA layer through wedge contact. The larger the contact pressure beneath the blade edge zone, the deeper the sinking depth of the underlay was. From these results, the deformation of the 3-layerstacked sheet was divided into four kinds of conceptual deformation states, as shown in Fig. 17 . The first half of stage (I) is given by 0<d/tW<0.2. Here, the upper PET film was not yet wedged, but the PSA layer was locally sunk with some of the adhesive having flowed out of the indentation, as shown in Fig. 17(a) . Therefore, the gradient of the cutting line force, ∂f/∂(d/t W ), and the gradient of the lower bent-up angle, ∂θL/∂(d/t W ), were independent of the apex angle, α.
The latter half of stage (I) is represented by 0.2<d/tW<0.4. The cutting line force, f, and the lower bent-up angle, θL, slightly increased with respect to the α through the sinking of the upper PET film layer because of the shallow wedging of the upper PET film layer and a localized flow from the PSA layer, as shown in Fig. 17(b) . The upper PET film layer gradually hit the lower PET film through wedge pushing, and the flow profile of the PSA layer assists in bending the upper PET film up into warpage.
Stage (II) has the first peak maximum point between 0.4<d/tW<0.7. The lower bent-up angle, θL, and the cutting line force, f, indicate that the peak maximum value at d/tW=0.5, and because the PSA layer had sufficiently bled out beneath the wedge pushing position, the wedge blade cut the upper PET film off, as shown in Fig. 17(c) . Stage (III) showed a wedging of the monolayer PET film under fastening at 0.7<d/tW<1.1. The warpage of laminated sheet sufficiently decreased and gradually dampened, as shown in Fig. 17(d) . When the lower PET film was cut off, since the wedge blade fastened the upper PET film to the PSA layer, the bent-up angle decreased. The effect was almost Eq. (14) constant with respect to the α because of the contact state between the blade surface and the sheared section of the PSA layer.
Since the lower bent-up angle drop was ΔθL=θW-θC =6.234-0.038α when 16°<α<60°, the increment of the apparent apex angle of the wedge, ΔαL, against the underlay was estimated as ΔαL= 2ΔθL=11-8°. Here, αL=α+2θL was considered. Using Eqs. (4) and (5), the increment of fC1 obtained from ΔαL was estimated as ΔfC1=0.9-2.1 N•mm -1 . Conversely, when using Eq. (4), (5), (6) and (7), since the deviation of the peak force, Δf= fC1-fC2, was calculated using α=16-60°, the estimation was found to be Δf= fC1-fC2 =1.1-1.4 N･mm -1 . The order of the estimation of ΔfC1 from ΔαL was not so far from that of Δf. It has been shown that the difference between fC1 and fC2 was caused by the upper/lower bent-up angle.
Results by simulation 3.2.1 Relationship between cutting load and bent-up deformation
In order to investigate the cutting line force, f, and the bent-up angle, θ, when increasing the indentation depth, d/tW, in stage (I), a visco-elastic model based on FEM simulation was carried out using the apex angle of the wedge blade, when α= 16, 30, 42, 53 and 60°. Figure 18 shows the relationship between the simulated cutting line force, f, and the indentation depth, d/tW, when the indentation velocity was V=0.17 mm•s -1 . For the range of d/tW<0.2, the line force, f, was almost independent of the α. While in the range of 0.2<d/tW<0.3, the line force, f, increased with d/tW due to the sinking and bending of the upper PET film against the PSA layer. In addition, the experimental average of the line force, f, when the α= 16, 30, 42, 53 and 60° at d/tW =0.3 was 4.7 N•mm -1 , while the simulated average was 4.2 N•mm -1 . The increase in the cutting line force corresponds to experimental tendencies, and the cutting line force was approximately equal in both the experiment and the simulation at V=0.17 mm•s -1 .
When d/tW>0.4, the indentation of the wedge blade was unstable and failed due to the occurrence of a large distortion and compressive crushing of the divided elements. Figure 19 shows the deformation of the laminated sheet and the distribution of the maximum principal strain on the laminated sheet subjected to the wedge indentations of d/tW=0.17 and 0.33. Here, the apex angle was chosen as α=16, 30, 42, 53 and 60° with an indentation velocity of V=0.17 mm•s -1 .
As shown in Fig. 19 , it was confirmed that warpage increased with increasing indentation depth. Figure 20 shows the relationship between the simulated lower bent-up angle, θL, and the indentation depth, d/tW. The simulated lower bentup angle, θL, linearly increased with d/tW when d/tW<0.4. The angle, θL, was not affected by the apex angle, α, when d/tW<0.2, and the angle, θL, slightly increased when d/tW>0.2. These results were similar to the experimental results. The experimental angle, θL, when d/tW=0.3 was around 4.6°, and the simulated θL when d/tW=0.3 was 2.9°, showing that the simulated angle was slightly smaller than the experimental result.
In the case of shallow indentation depth when d/tW<0.2, it was confirmed that the simulated cutting line force and the simulated bent-up angle were quite similar to the experimental results. However, in the range of d/tW>0.2, the experimental gradient of cutting line force was smaller than in the simulated results. Also, the experimental bent-up angle, θL, was larger than the simulated angle, θL. This behavior was interpreted to be a results of the local out-flowing of the adhesive layer from the pressured zone beneath the blade edge. That is, the deformation of the PSA layer appears to be characterized by the lateral flow at both width edges of the laminated sheet when d/tW>0.2. Figure 21 shows the distribution of the maximum and minimum principal strains on the laminated sheet which was subjected to a 42° wedge indentation when d/tW=0.17, 0.33 at V=0.17 mm•s -1 . This figure shows a zoomed-in area of the laminated sheet pressed together by the wedge blade. When d/tW=0.17, the PSA layer was locally compressed to half of the original height. The PSA layer had mostly flowed out beneath the blade position at d/tW=0.33. Figure 22 shows the displacement and the corresponding vector fields of the PSA layer for d/tW=0.17, 0.33. Figure  22 shows the PSA layer largely moved beneath the blade in the negative direction of the y-axis. At the same time, the rest of the area of the PSA layer had bled into the x-axis direction when d/tW=0.17. When d/tW=0.33, it was found that the clearance between the upper and the lower PET film layers was extremely reduced beneath the blade edge. The rest of the thickness of the PSA layer almost disappeared at d/tW=0.33. Therefore, it appears that the greatest warpage of the laminated sheet occurred at or near d/tW=0.33 due to the sinking of the upper PET film layer against the PSA layer. In addition, it was confirmed that the blade tip began to indent the upper PET film at this position (d/tW=0.33).
From these discussions, in the early stage when d/tW<0.2, it was found that the upper PET film was simply pushed downward by the wedge blade without any permanent wedging, while the PSA layer bled out. When 0.2<d/tW<0.4, the bent-up deformation and the blade indentation of the upper PET film layer was characterized by the apex angle, α. When the blade indentation reached d/tW>0.4, the PSA layer was sufficiently removed beneath the blade tip's pressing position, and then the wedge cutting of the upper PET film layer became dominant. It was shown that the deformation of the PSA layer was dominant during the shallow indentation depth of the wedge blade (d/tW<0.3). 
Effects of indentation velocity on load response and bent-up deformation
In order to investigate the effects of the indentation velocity on the cutting line force, f, and the lower bent-up angle, θL, in stage (I) where d/tW<0.4, a visco-elastic model based FEM simulations was carried out and compared with experimental results. The chosen indentation velocities were V=0.05, 0.17, and 0.42 mm•s -1 at an apex angle of α= 42°.
The simulated variance of the cutting line force, f, coupled with the variance of the indentation velocity, V=0.42-0.05=0.37 mm•s -1 , was estimated to be 1.57 N•mm -1 when d/tW=0.3. The experimental variance of the same parameters was 1.41 N•mm -1 when d/tW=0.3. As for the variance of lower bent-up angle,L, with V, the simulated value was 0.41° and the experimental value was 0.94° when d/tW=0.3. Therefore, it was found that the effects of indentation velocity on the load and bent-up angle were well-estimated from the FEM simulation model.
Due to the failed simulation for when d/tW>0.4, further indentation of the wedge blade was not discussed.
Conclusions
In order to investigate the effects of the wedge angle and the deformation of the PSA layer on the load response and the warpage of a laminated sheet, the cutting characteristics of a 0.3 mm thick laminated sheet subjected to wedge indentation was experimentally and numerically investigated. The experimental and simulated parameters included apex angles of the wedge blade at α=16, 30, 42, 53 and 60° and an indentation velocity of V=0.17 mm•s -1 . The laminated sheet was composed of a 0.1 mm thick PSA layer and two pieces of 0.1 mm thick PET film situated above and below the PSA layer. For comparison to the laminated sheet, two pieces of stacked PET film layers without any interstitial PSA layer was examined using a 42° wedge blade. In order to verify the velocity-dependent characteristics of the PSA layer, the indentation velocity was chosen as V=0.05, 0.17, and 0.42 mm•s -1 with a wedge angle of =42°, and the cutting line force, f, and the lower bent-up angle, θL, were investigated using the normalized indentation depth, d/tW. Through this research, the following conclusions were gathered.
(1) The first maximum peak point is PC1 (fC1, dC1/tW≈0.5-0.6) and the second maximum peak point is PC2 (fC2, dC2/tW≈0.9), and these occurred during wedge indentation on the laminated sheet, as shown in Fig. 5 . The former was a wedge cutting of the upper PET film, while the latter was that of the lower PET film. Here, fC1 and fC2 were the maximum peak line forces, and dC1/tW and dC2/tW were the corresponding peak positions (depth), respectively. (2) The response of the f with the d/tW was classified in three stages. Stage (I) was characterized by 0<d/tW<0.4, where the f was monotonically increased with d/tW. There were two stepped gradients, C1 (0<d/tW<0.2) and C2 (0.2<d/tW<0.4). The first gradient was independent to the α, while the latter was slightly affected by the α. Stage (II) was characterized by 0.4<d/tW<0.7, where the PC1 and the C3 gradient (0.4<d/tW<0.5) were noted. The f indicated a high value when using a large apex angle. Stage (III) was characterized using 0.7<d/tW<1.03. The PC2 and the C4 gradient (0.8<d/tW<0.9) were noted. The lower PET film layer was simply cut off without the sinking effect of the PSA layer.
(3) The gradients C2, C3 and C4 were positive and linear with the apex angle, α, as shown in Fig.s 11 and 12 . The C2 was smaller than the C1, while the C3 was larger than both the C2 and C1. These relationships appear to be caused by the wedge indentation against the upper layer of PET film. Comparing the laminated sheet with the stacked PET film layers without any PSA layer, it was found that the PSA layer was sufficiently removed beneath the blade edge at near the beginning of stage (II), when the line force reached 6 N•mm -1 , as shown in Fig. 6 . (4) The upper PET film was simply pushed downward by the wedge blade without any permanent wedging for the first half of stage (I) when d/tW<0.2. In the latter half of stage (I), when 0.2<d/tW<0.4, the bent-up deformation of the upper PET film occurred due to a combination of flow deformation of the PSA layer and the wedged upper PET film. During stage (II), when 0.4<d/tW<0.7, the PSA layer bled sufficiently out from beneath the wedge pushing position, and the wedge blade cut the upper PET film off. (5) The warpage (lower bent-up) angle, θL, indicates a linear increase when 0.03<d/tW<0.4, and the peak maximum of the bent-up angle, θW, at d/tW=0.5 was detected. The θL behaved with gradual dampening, or it had a saturated angle, θC, when d/tW>0.7, as shown in Fig. 15 . The θL was not affected by the α when 0<d/tW<0.23, and the θL slightly increased with the α when 0.23<d/tW<0.4. These behaviors were almost synchronized with the observed variations of the C1 and C2. (6) A FEM simulation was successfully carried out for d/tW<0.4, and the indentation velocity was chosen as V=0.05, 0.17, and 0.42 mm•s -1 . The simulated results of the f and the θL strongly correspond with the experimental results for shallow indentation, as seen in stage (I). Figures 21 and 22 , where d/tW=0.33, confirm that at these conditions the blade tip began to indent the upper PET film, causing the intermediate PSA layer to bleed out from the pressured zone beneath the blade edge at V=0.17 mm•s -1 .
